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Carbon Monoxide as a Biomarker and Therapeutic Agent 



Related Applications 

This application claims priority from provisional application number 60/127,616, filed 
April 1, 1999. 

Field of the Invention 

The present invention relates to the use of carbon monoxide (CO) as a biomarker and 
therapeutic agent of heart, lung, liver, spleen, brain, skin and kidney diseases and other 
conditions and disease states including, for example, asthma, emphysema, bronchitis, adult 
respiratory distress syndrome, sepsis, cystic fibrosis, pneumonia, interstitial lung diseases, 
idiopathic pulmonary diseases, other lung diseases including primary pulmonary hypertension, 
secondary pulmonary hypertension, cancers, including lung, larynx and throat cancer, arthritis, 
wound healing, Parkinson's disease, Alzheimer's disease, peripheral vascular disease and 
pulmonary vascular thrombotic diseases such as pulmonary embolism. CO may be used to 
provide anti-inflammatory relief in patients suffering from oxidative stress and other 
conditions especially including sepsis and septic shock. In addition, CO may be used to store 
organs prior to transplantation. In addition, carbon monoxide may be used as a biomarker or 
therapeutic agent for reducing respiratory distress in lung transplant patients, to reduce or 
inhibit oxidative stress, inflammation or rejection of transplants in transplant patients. 

Background of the Invention 

Heme oxygenase (HO) catalyzes the first and rate limiting step in the degradation of 
heme to yield equimolar quantities of biliverdin IXa, carbon monoxide (CO), and iron (Choi, 
et al., Am. J. Respir. Cell MoL Biol 15: 9-19; and Maines, Annu. Rev. Pharmacol Toxicol 
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37: 517-554). Three isoforms of HO exist; HO-1 is highly inducible while HO-2 and HO-3 
are constitutively expressed (Choi, et al., supra . Maines, supra and McCoubrey, et al., E. J. 
Bioch. 247: 725-732). Although heme is the major substrate of HO-1, a variety of non-heme 
agents including heavy metals, cytokines, hormones, endotoxin and heat shock are also strong 
inducers of HO-1 expression (Choi, et al., supra , Maines, supra and Tenhunen, et al., J. Lab. 
Clin. Med. 75: 410-421). This diversity of HO-1 inducers has provided further support for 
the speculation that HO-1, besides its role in heme degradation, may also play a vital function 
in maintaining cellular homeostasis. Furthermore, HO-1 is highly induced by a variety of 
agents causing oxidative stress including hydrogen peroxide, glutathione depletors, UV 
irradiation, endotoxin and hyperoxia (Choi, et al., supra . Maines, supra and Keyse, et al., 
Proc. Natl Acad. ScL USA . 86: 99-103 ). One interpretation of this finding is that HO-1 can 
serve as a key biological molecule in the adaptation and/or defense against oxidative stress 
(Choi, et al., supra .. Lee, et ah, Proc Natl Acad Sci USA 93: 10393-10398; Otterbein, et al, 
Am. J. J. Respir. Cell Mol .Biol 13: 595-601; Poss, et al., Proc. Natl Acad. Sci. USA. 94: 
10925-10930; Vile, et al., Proc. Natl Acad. ScL 91: 2607-2610; Abraham, et al., Proc. Natl 
Acad. Sci. USA. 92: 6798-6802; and Vile and Tyrrell, J. Biol Chem. 268: 14678-14681. Our 
laboratory and others have shown that induction of endogenous HO-1 provides protection both 
in vivo and in vitro against oxidative stress associated with hyperoxia and lipopolysaccharide- 
induced tissue injury (Lee, et al, supra . Otterbein, et ah, supra and Taylor, et al., Am. J. 
Physiol 18: L582-L591). We have also shown that exogenous administration of HO-1 via 
gene transfer can provide protection against oxidant tissue injury and elicit tolerance to 
hyperoxic stress (Otterbein, et dl.,Am. J. Resp. Crit. Care Med. 157: A565 (Abstr)). 

Carbon monoxide (CO) is a gaseous molecule with known toxicity and lethality to 
living organisms (Haldane, Biochem. J. 21: 1068- 1075; and Chance, et al, 1970, Ann. NY 
Acad Sci. 174: 193-204.). However, against this known paradigm of CO toxicity, there has 
been renewed interest in recent years in CO behaving as a regulatory molecule in cellular and 
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biological processes based on several key observations. Mammalian cells have the ability to 
generate endogenous CO primarily through the catalysis of heme by the enzyme heme 
oxygenase (HO) (Choi, et al, supra and Maines, supra ). The total cellular production of CO is 
generated primarily via heme degradation by HO (Marilena, Biochem. Mol. Med. 61: 136- 
142 and Verma, et al., 1993 Science 259: 381-384). Moreover, CO akin to the gaseous 
molecule nitric oxide, plays important roles in mediating neuronal transmission (Verma, et al., 
supra and Xhuo, et al., Science 260: 1946-1950) and in the regulation of vasomotor tone 
(Morita, and Kourembanas, 1995, J. Clin. Invest 96: 2676-2682.; Morita,, et al., 1995 Proc. 
Natl. Acad. ScL USA 92: -1479; and Goda, et al, 1998, J. Clin. Inv. 101: 604-12). There is 
no data in the literature substantiating a protective role for CO in vivo against oxidative stress. 

Septic shock and sepsis syndrome, resulting from excessive stimulation of immune 
cells, particularly monocytes and macrophages, remains one of the leading causes of death in 
hospitalized patients. Parillo, et al, Ann. Intern. Med. 113, 991-992 (1992). The 
pathophysiological alterations observed in sepsis are often not due to the infectious organism 
itself, but rather to the uncontrolled production of pro-inflammatory cytokines and 
chemokines including TNF-a, IL-1, and MIP-1 that leads to leukocyte recruitment, capillary 
leak and ultimately participates in the lethality of sepsis. Beutler, et al, 232, 977-980 (1986); 
Netea, et al. Immunology 94, 340-344 (1998); and Wolpe, et al, J. Exp. Med. 167, 570-581 
(1988). Lipopolysaccharide (LPS), a constituent of the gram negative bacterial cell wall, is 
the leading cause of sepsis, and when administered experimentally to macrophages or mice, 
mimics the same inflammatory response. Following LPS administration, there is a rapid but 
transient increase in these pro-inflammatory mediators which are subsequently down- 
modulated by a battery of anti-inflammatory cytokines including interleukin-10 (IL-10) and 
interleukin-4 (IL-4), which inhibit the synthesis of the pro-inflammatory cytokines and 
chemokines. J. Exp. Med. 177, 1205-1208 (1993). LPS initially binds to the CD14 and toll- 
like receptor (TLR) 2 (or 4) at the cell surface, [Yang, et al. Nature. 395 : 284-288 (1998) and 
Chow, et al, J. Biol. Chem. 274 : 10689-10692 (1999)] and has then been shown to activate 
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the mitogen activated protein (MAP) kinase pathways including p38, p42/p44 ERK and JNK 
(MAP) kinases. Liu,, et aL, J. Immunol. 153, 2642-2652 (1994); Hambleton,, et al., Proa 
Natl Acad. ScL USA. 93, 2274-2778 (1996); Han,, et al., 1 Biol. Chem. 268, 25009-25014 
(1993); Han,, et al., Science 265, 808-811 (1994); Sanghera,, et al., 1 Immunol 156, 4457- 
4465 (1996), and Raingeaud,, et al., 1 Biol Chem. 270, 7420-7426 (1995). The relationship 
between the activation of these signaling molecules, downstream cytokine expression, and 
physiologic function represents an active line of investigation. 

The United States Government has provided support for research which led to the 
present invention under one or more of NIH grant numbers HL60234, AI42365 and HL55330. 
Consequently, the government retains certain rights in the invention. 

Objects of the Invention 

It is an object of the present invention to provide novel gaseous mixtures containing 
low concentrations of carbon monoxide which may be used as therapeutic compositions. 

It is another object of the present invention to provide a method for treating oxidative 
stress in a patient. 

It is another object of the present invention to provide a method for treating a number 
of diseases and conditions in which oxidative stress occurs or is secondary. 

It is yet another object of the present invention to provide a method for using carbon 
monoxide as a biomarker to determine that a patient producing carbon monoxide is suffering 
from oxidative stress or a condition or disease state in which oxidative stress is implicated. 
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At least one or more of these and/or other objects of the present invention may be 
readily gleaned from a review of the description of the invention which follows. 



Brief Description of the Invention 

The present invention relates to novel pharmaceutical compositions for delivering to 
patients suffering from the effects of oxidative stress, the compositions comprising effective 
concentrations of carbon monoxide in a gaseous mixture comprising oxygen and optionally, 
nitrogen gas (as well as other minor optional gaseous components). An additional aspect of 
the present invention is directed to a method for delaying the onset of, inhibiting or alleviating 
the effects of oxidative stress, the method comprising delivering a therapeutic gas comprising 
carbon monoxide in an amount and for a time effective to delay the onset of, inhibit or 
alleviate the affects of oxidative stress in the patient. It has unexpectedly been discovered that 
the delivery of a therapeutic gas comprising low concentrations (i.e., concentrations ranging 
from about 1 ppb (part per billion) to about 3,000 ppm (preferably above about 0.1 ppm within 
this range) of the gas, preferably about 1 ppm to about 2,800 ppm, more preferably about 25 
ppm to about 750 ppm, even more preferably about 50 ppm to about 500 ppm) of carbon 
monoxide is an extremely effective method for delaying the onset of, inhibiting or reversing 
the effects of oxidative stress in a patient. This is an unexpected result. It is noted here that 
in the method aspects of the present invention, an amount of carbon monoxide in the 
therapeutic gaseous composition which is in excess of 0.3% may sometimes be used, 
depending upon the condition or disease state to be treated. 

Another aspect of the present invention is directed to the use of carbon monoxide as a 
biomarker for determining that a patient is suffering from oxidative stress and is at risk for or 
is suffering from a number of conditions or disease states which are secondary to or result in 
oxidative stress, for example, asthma, emphysema, bronchitis, adult respiratory distress 
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syndrome, sepsis, cystic fibrosis, pneumonia, interstitial lung diseases, idiopathic pulmonary 
diseases, other lung diseases including primary pulmonary hypertension, secondary 
pulmonary hypertension, cancers, including lung, larynx and throat cancer, arthritis, wound 
healing, Parkinson's disease, Alzheimer's disease, peripheral vascular disease and pulmonary 
vascular thrombotic diseases such as pulmonary embolism, among others. The method 
comprises detecting carbon monoxide in a patient's breath to determine whether detectable 
levels of carbon monoxide occur in the breath. If detectable levels of carbon monoxide appear 
in the patient's breath, the patient may be diagnosed with oxidative stress or for being at risk 
for oxidative stress. The manifestations of oxidative stress may take the form of one or more 
of the above-referenced conditions or disease states. Appropriate therapeutic steps or other 
steps may be taken after such diagnosis to alleviate or treat the condition which is responsible 
for the oxidative stress in the patient. 

Another aspect of the present invention relates to the finding that in certain patients, 
the administration of carbon monoxide in effective amounts to the patient may be used to 
induce HO-1 enzyme in the patient and prevent or limit oxidative stress in the patient, 
especially including oxidative stress caused by hyperoxia or sepsis. HO-1 eznyme is 
implicated in maintaining homeostasis in the cells of the patient. 

Still another aspect of the present invention relates to the use of carbon monoxide to 
delay the onset of, inhibit or alleviate the effects of oxidative stress which occur in transplant 
patients, in particular, organ transplant patients, especially, but not exclusively lung transplant 
patients. 

Another aspect of the present invention relates to a method for inhibiting the 
production of pro-inflammatory cytokines such as TNF-a, IL-ip, IL-6, MIP-ip and 
augmenting the production (expression) of the anti-inflammatory cytokine IL-10 and IL-4 in a 
patient comprising administering to thepatient an effective amount of CO. 
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Still another aspect of the present invention relates to a method to preserve organs or 
tissue for transplants comprising adding to media in which the organs or tissue are stored a 
preservative effective amount or concentration of carbon monoxide. In this aspect of the 
present invention, the inclusion of carbon monoxide in effective amounts reduces, inhibits or 
alleviates the formation of reactive oxygen in the stored organ or tissue, thus extending the 
period in which organ transplants can be effectively stored without suffering oxidative 
damage. 

Another aspect of the present invention relates to a method to prevent or reduce the 
likelihood of damage caused by oxidative stress associated with hyperoxia in a patient 
comprising administering an effective amount of carbon monoxide to a hyperoxic patient. 

Brief Description of the Figures 

Figures 1 a and b show the measurement of biological markers of lung injury after 
hyperoxia. A represents pleural effusion volume after hyperoxic exposure. B represents 
protein accumulation in bronchoalveolar lavage (BAL) samples. Data presented are the mean 
values for six rats in each case. 

Figure 2 shows the histological analysis of rat lung after hyperoxia. Formalin-fized 
sections of rat lungs were stained with hemotoxylin and eosin. 

Figure 3 shows the effect of CO administration on BAL cell count. Differential cell 
counts for neutrophils were performed on BAL fluid 56 hours after hyperoxia in the present 
and absence of CO (250 ppm). Data are means established for 6 rats. 
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Figure 4 shows the effect of CO administration on LPS-induced neutrophils into the 
lungs of rats. 



Figure 5 shows the effect of CO administration on lung apoptotic index. After 
pretreatment with CO (250 ppm), lung tissues sections from rats were analyzed for terminal 
doxytransferase dUTP nick and labeling (TUNEL)-positive cells and costained to determine 
apoptotic index (number of TUNEL-positive cells/number of DAPI stained cells) after 56 
hours hyperoxic exposure. DATA are means of samples from 3 rats. 

Figure 6 shows the effects of overexpression of HO-1 in macrophages on LPS-induced 
TNF-a production. 



Figure 7 shows the results of experiments involving the effects of carbon monoxide on 
LPS-induced cytokine production in macrophages after pretratement with CO (250 ppm). 

Figures 8a and 8b shows the results of experiments which evidence that CO inhibits 
LPS-induced production of TNF-a and IL-10 after exposure to carbon monoxide. Six to eight 
mice in each treatment group. 

Figure 9 shows the effects of CO on LPS-induced activation of MAP kinases. In lane 
1 is untreated control; lane 2, LPS; lane 3, CO alone; lane 4, LPS and CO. 

Figure 10 a and b show the effects of CO on LPS-induced serum production of TNF-a 
and IL-10 in Mkk3+ mice after exposure to CO. Six to eight mice were tested in each group. 



Figure 1 1 shows the effect of CO on LPS-induced TNF-a by measuring total RNA 
from RAW 264.7 cells after treatment with LPS in the absence or presence of CO and 
analyzing for TNF-a mRNA expression by northern blot analysis. 
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Detailed Description of the Invention 

The following definitions are used to describe the present invention. 

The term "carbon monoxide" or CO is used to describe molecular carbon monoxide in 
its gaseous state. In high concentrations and prior to the present invention, CO was 
understood to be poisonous and non-therapeutic, but useful in certain diagnostic tests at 
concentrations at or above 0.3%. Gaseous compositions according to the present invention 
comprise effective amounts of carbon monoxide which are less than 0.3% of the total weight 
of the composition and preferably less than about 0.28% by weight, even more preferably less 
than about 0.25% by weight carbon monoxide. 

The term "oxidative stress" is used to describe a condition resulting from the 
overwhelming production of reactive oxygen which cannot be quenched by endogenous 
antioxidants. Oxidative stress may result in permanent tissue damage caused by the action of 
the reactive oxygen species on the tissue. The physiological manifestation of oxidative stress 
take the form of or occur during various conditions or disease states which include, asthma, 
emphysema, bronchitis, adult respiratory distress syndrome, sepsis or septic shock, cystic 
fibrosis, pneumonia, interstitial lung diseases, idiopathic pulmonary diseases, other lung 
diseases including primary pulmonary hypertension, secondary pulmonary hypertension, lung 
cancer and pulmonary vascular thrombotic diseases such as pulmonary embolism or any 
inflammatory disease of the lungs. 

The term "sepsis" is used to describe the presence of various pus-forming and other 
pathogenic organisms or their toxins (generally, lipopolysaccharides or LPS bacterial cell 
walls) in the blood tissues. Sepsis will often result in oxidative stress in those tissues exposed 
to the pathogens or their toxins. Sepsis often manifests itself in the production of pro- 
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inflammatory cytokines such as TNF-a, IL-1, IL-6 and MIP-1, the production of which is 
reduced or reversed by the administration of effective amounts of carbon monoxide. 

The term "composition" or "carbon monoxide containing composition" is used 
thoroughout the specification to describe a gaseous composition which is administered to a 
patient to delay the onset of, inhibit or alleviate the effects of oxidative stress in a patient.or to 
treat one or more of the conditions or disease states which manifest themselves or are 
secondary to oxidative stress. Compositions according to the present invention comprise 0% 
to about 79% by weight nitrogen, about 21% to about 100% by weight oxygen and about 
0.0000001 to about 0.3% by weight (corresponding to about 1 ppb or 0.001 ppm to about 
3,000 ppm, but preferably less than 3,000 ppm) carbon monoxide. More preferably, the 
amount of nitrogen in the gaseous composition comprises about 79% by weight, the amount of 
oxygen comprises about 21% by weight and the amount of carbon monoxide comprises about 
0.0001% to about 0.25% by weight, preferably at least about 0.001% within this range, even 
more preferably about 0.005% to about 0.05% by weight of carbon monoxide. 

The term "patient" is used throughout the specification to describe an animal, 
preferably a human, to whom treatment, including prophylactic treatment, with the carbon 
monoxide containing compositions according to the present invention is provided. For 
treatment of those infections, conditions or disease states which are specific for a specific 
animal such as a human patient, the term patient refers to that specific animal. In most 
applications of the present invention, the patient is a human. Veterinary applications, in 
certain indications, are clearly anticipated by the present invention. 

The term "effective amount" shall mean the administration of carbon dioxide in an 
amount or concentration and for period of time including acute or chronic administration 
which is effective within the context of its administration for causing an intended effect or 
physiological outcome. Effective amounts of carbon monoxide for use in the present 
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invention include amounts which are therapeutically effective for delaying the onset of, 
inhibiting or alleviating the affects of oxidative stress, treating one or more of the conditions 
or diseases which are secondary to or result in oxidative stress. An effective amount of carbon 
monoxide within the context of reducing the production or effect of inflammatory cytokines, 
for example, TNF-cc, IL-1, IL-6 and MIP-1, among others and inducing or increasing the 
production of anti-inflammatory cytokines such as IL-10, among others. Within the context 
of transplant patients, an effective amount of carbon monoxide is that amount administered to 
the transplant patient to reduce the likelihood of rejection through an unfavorable 
immunological reaction. Within the context of preserving stored organs to be used for 
transplantation, an effective amount of carbon monoxide is that amount which is bubbled into 
the medium in which the transplant organs are stored in order to enhance preservation of the 
organ and reducing the likelihood that the organ will be subject to some measure of oxidative 
damage. Although effective amounts of CO generally fall within the range of about 0.1 ppm 
to about 3,000 ppm, amounts outside of these ranges, in certain instances, may be used, 
depending upon the final use of the composition. 

The term "biomarker" is used to describe carbon monoxide which is produced in the 
breath of a patient in minor, detectable amounts which provides evidence that the patient is at 
risk for, in the early stages of or is suffering from oxidative stress and is at risk for or is 
suffering from one or more of the conditions or disease states which are secondary to or which 
may result in oxidative stress. The amount of carbon monoxide in the breath of a patient 
which may function as a biomarker may be as low as 0.001 ppm, but is generally at least about 
0.1 ppm or higher. 

The term "inflammation" is used to describe the fundamental pathological process 
consisting of a dynamic complex of cytologic and histologic reactions that occur in the 
affected blood vessels and adjacent tissues in response to an injury or abnormal stimulation 
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caused by a physical, chemical or biologic agent, including the local reactions and resulting 
morphologic changes, the destruction or removal of the injurious material, and the responses 
that lead to repair and healing. The so-called cardinal signs of inflammation are redness, heat, 
swelling, pain and, in certain cases, inhibited or lost function. The redness and warmth result 
from an increased amount of blood in the affected tissue, which is usually congested; swelling 
ordinary occurs from the congestion and exudation; pressure on (or stretching of) nerve 
endings as well as changes in osmotic pressure and pH which may lead to significant pain; the 
disturbance in function may result in impairment in movement or the actual destruction of an 
anatomic part or organ. The term inflammation includes various types of inflammation such 
as acute, allergic, alterative (degenerative), atrophic, catarrhal (most frequently in the 
respiratory tract), croupous, fibrinopurulent, fibrinous, immune, hyperplastic or proliferative, 
subacute, serous and serofibrinous. Inflammation localized in the kidneys, liver, heart, skin, 
spleen, brain, kidney and pulmonary tract, especially the lungs, and that associated with sepsis 
or septic shock is favorably treated by the methods according to the present invention. 

The term "cancer" is used throughout the present invention as a general term to 
describe any of various types of malignant neoplasms, most of which invade surrounding 
tissues, may metastasize to several sites and are likely to recur after attempted removal and to 
cause death of the patient unless adequately treated. Cancers which may be treated using the 
present compositions and methods include, for example, stomach, colon, rectal, liver, 
pancreatic, lung, breast, cervix uteri, corpus uteri, ovary, prostate, testis, bladder, renal, 
brain/ens, head and neck, throat, Hodgkins disease, non-Hodgkins leukemia, skin melanoma, 
various sarcomas, small cell lung cancer, choriocarcinoma, mouth/pharynx, oesophagus, 
larynx, melanoma, kidney and lymphoma, among others. 

Thus, according to an aspect of the present invention, a patient suspected of being in 
oxidative stress or at risk for oxidative stress is monitored to determine whether detectable 
levels of carbon monoxide may be measured in the exhaled breath of the patient. If detectable 
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levels of carbon monoxide are seen (i.e., an amount of carbon monoxide of at least about 0.01 
ppm in the patient's breath), then the attending physician or caregiver may then begin to 
administer therapeutic doses of carbon monoxide to treat oxidative stress or any one or more 
of the conditions or disease states which are secondary to or result in oxidative stress. 



The following conditions or disease states may be treated using low dosages of CO in 
effective amounts pursuant to the teachings of the present invention. These include: asthma, 
emphysema, bronchitis, adult respiratory distress syndrome, sepsis, cystic fibrosis, 
pneumonia, interstitial lung diseases, idiopathic pulmonary diseases, other lung diseases 
including primary pulmonary hypertension, secondary pulmonary hypertension, cancers, 
including lung, larynx and throat cancer, arthritis, wound healing, Parkinson's disease, 
Alzheimer's disease, peripheral vascular disease and pulmonary vascular thrombotic diseases 
such as pulmonary embolism. 

Low dosage CO may also be used in the present invention to induce HO-1 enzyme in 
patients and prevent or limit oxidative stress, especially oxidative stress caused by hyperoxia 
or sepsis. Induced HO-1 is implicated in maintaining homeostasis in the cells of the patient. 



Low dosage CO may also be used to delay the onset of, or alleviate the effects of 
oxidative stress in transplant patients, in particular organ transplant patients, especially lung 
transplant patients. Low dosage CO may also be used to treat inflammatory conditions of the 
lungs or inflammation which occurs secondary to sepsis or rejection in transplant patients. 
While not being limited by way of theory, low dosage CO is believed to act as an anti- 
inflammatory agent by inhibiting the production and/or effect of pro-inflammatory cytokines 
such as TNF-a, IL-1, IL-6, MIP-1 and induces or promotes the action of anti-inflammatory 
cytokines IL-4 and IL-10. 
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The present invention also relates to the use of CO as a preservative for storing organs 
to be used in transplants. It is an unexpected result that the inclusion of low dosage CO in the 
storage media in which organs to be transplanted are stored will substantially reduce the 
likelihood of oxidative damage to the organs during storage and substantially enhances the 
storage time that organs to be transplanted may be safely stored without suffering irreversible 
oxidative damage. Thus, in this aspect of the present invention, an effective amount of CO is 
bubbled into storage media either before or preferably when an organ is first placed in the 
media.or shortly thereafter. CO may also be used to enhance the storage stability of organs 
which have been stored for some time in media, but in those instances, oxidative damage may 
have become irreversible, thus limiting the intended effect. 

Administration of compounds according to the present invention is generally through 
the mouth or nasal passages to the throat and lungs, where the CO may exert its effect directly 
or be readily absorbed into the patient's blood stream. The concentration of active compound 
(CO) in the therapeutic gaseous composition will depend on absorption, distribution, 
inactivation, and excretion (generally, through respiration) rates of the drug as well as other 
factors known to those of skill in the art. It is to be noted that dosage values will also vary 
with the severity of the condition to be alleviated. It is to be further understood that for any 
particular subject, specific dosage regimens should be adjusted over time according to the 
individual need and the professional judgment of the person administering or supervising the 
administration of the compositions, and that the concentration ranges set forth herein are 
exemplary only and are not intended to limit the scope or practice of the claimed composition. 
The active ingredient may be administered at once, or may be divided into a number of 
smaller doses to be administered at varying intervals of time. Acute, sub-acute and chronic 
administration of CO are contemplated by the present invention, depending upon the condition 
or disease state to be treated. 
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In delivering CO to patients or in other applications at concentrations ranging from 
about 0.001 to about 3,000 ppm pursuant to the present invention, gaseous compositions 
according to the present invention may be prepared by mixing commercially available 
compressed air containing CO (generally about 1% CO) with compressed air or gas containing 
a higher percentage of oxygen (including pure oxygen), and then mixing the gasses in a ratio 
which will produce a gas containing a desired amount of CO therein. Alternatively, 
compositions according to the present invention may be purchased pre-prepared from 
commercial gas companies. In a preferred embodiment, patients are exposed to oxygen (O2 at 
varying doses) and CO at a flow rate of about 12 liters/minute in a 3.70 cubic foot glass 
exposure chamber. To make a gaseous composition containing a pre-determined amount of 
CO, CO at a concentration of 1% (10,000 ppm) in compressed air is mixed with >98% O2 in a 
stainless steel mixing cylinder, concentrations delivered to the exposure chamber or tubing 
will be controlled. Because the flow rate is primarily determined by the flow rate of the 0 2 
gas, only the CO flow is changed to to generate the different concentrations delivered to the 
exposure chamber or tubing. A carbon monoxide analyzer (available from InterScan 
Corporation, Chatsworth, California) is used to measure CO levels continuously in the 
chamber or tubing. Gas samples are taken by the analyzer through a portion the top of the 
exposure chamber of tubing at a rate of 1 liter/minute and analyzed by electrochemical 
detection with a sensitivity of about 1 ppb to 600 ppm. CO levels in the chamber or tubing are 
recorded at hourly intervals and there are no changes in chamber CO concentration once the 
chamber or tubing has equilibrated. CO is then delivered to the patient for a time (including 
chronically) sufficient to treat the condition and exert the intended pharmacological or 
biological effect. 

One of ordinary skill will readily recognize the symptoms of oxidative stress, 
inflammation, one or more of the conditions or disease states in which oxidative stress is 
implicated, sepsis or septic shock, and other conditions in which the delivery of CO represents 
a viable therapeutic option. All of these conditions or disease states are well known in the art. 
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In addition to using CO as a therapeutic agent, the measurement of CO may be a useful 
diagnostic tool to determine whether a patient is in oxidative stress or has a condition or a 
disease state where CO may be implicated. In this aspect of the present invention, a patient 
will have his or her exhaled breath analyzed for the presence of CO. CO content in a patient's 
breath is measured by a CO monitor (for example, using a Logan LR2000) which is sensitive 
to the detection of CO from 0 to about 1000 ppm (with a sensitivity as low as 1 ppb). In this 
method, the subjects exhale slowly from functional FVC into the breath analyzer with a 
constant flow (5-6 1/m) over a 20-30 second interval. Two successful recordings are made and 
mean values will be used for all calculations. Ambient CO levels are recorded before each 
breath in order to provide control or background values. While any elevation in CO levels 
from background numbers may implicate an actual or incipient state of oxidative stress, an 
amount of CO of at least about 1 ppm provides a clear indication that the patient is in or is 
about to suffer oxidative stress. 

The present invention is now described, purely by way of illustration, in the following 
examples. It will be understood by one of ordinary skill in the art that these examples are in 
no way limiting and that variations of detail can be made without departing from the spirit and 
scope of the present invention. 

Examples 

Evidence that CO Induces Tolerance to Lethal Hyperoxia and Oxidative Stress 

In the following example, the effect of low dose administration of CO in hyperoxia in 
rats was assessed. In the examples presented, there is a demonstration that animals which 
were exposed to a low concentration of CO exhibit marked tolerance to otherwise lethal 
hyperoxia in vivo. The increased survival was associated with marked inhibition of 
hyperoxia-induced lung injury as assessed by pleural effusion and protein accumulation in the 
airways. Histological analysis of the lungs after hyperoxia demonstrates severe lung airway 
and parenchymal inflammation, fibrin deposition, and pulmonary edema. In contrast, the 
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lungs of rats exposed to hyperoxia in the presence of CO were completely devoid of injury or 
inflammation. Neutrophil influx in to the airways of the lung, a reliable marker of oxidant- 
induced lung injury, and total lung apoptotic index were strikingly reduced in animals exposed 
to hyperoxia in the presence of CO. The modulation of neutrophil infiltration and apoptosis is 
postulated as a potential mechanism by which CO confers protection against oxidative stress 
in vivo. 

Methods 

Animals and gas exposure 

Pathogen-free male Sprague-Dawley rats (250-300 g) were purchased from Harlan 
Sprague-Dawley (Indianapolis, IN) and allowed to acclimate upon arrival for 7 days prior to 
experimentation. Animals were fed rodent chow and water ad libitum. All experimental 
protocols were approved by the Animal Care and Use Committee. 

Animals were exposed to > 98% 02 or 98% O2 + CO mixtures at a flow rate of 12 
liters/min in a 3.70-cubic-foot glass exposure chamber. Animals were supplied food and 
water during the exposures. CO at a concentration of 1% (10,000 ppm) in compressed air was 
mixed with >98% O2 in a stainless steel mixing cylinder prior to entering the exposure 

chamber. By varying the flow rates of CO into the mixing cylinder, concentrations delivered 
to the exposure chamber were controlled. Because the flow rate was primarily determined by 
the O2 flow, only the CO flow was changed to generate the different concentrations delivered 

to the exposure chamber. A carbon monoxide analyzer (InterScan Corporation, Chatsworth, 
CA) was used to measure CO levels continuously in the chamber. Gas samples were taken by 
the analyzer through a port in the top of the exposure chamber at a rate of 1 liter/min and 
analyzed by electrochemical detection with a sensitivity of 1 0 ppm to 600 ppm, CO levels in 
the chamber were recorded at hourly intervals and there were no changes in chamber CO 
concentrations once the chamber had equilibrated. O2 concentrations in the chamber were 

determined using a gas spectrometer. 
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Lung Tissue Preparation 

Lungs were fixed by perfusion with 10 % formalin at 20 cm H2O pressure and 
embedded in paraffin. Lung sections of 4-5 M were mounted onto slides pretreated with 3- 
aminopropylethoxysilane (Digene Diagnostics, Inc., Beltsville, MD). Slides were baked for 30 
min at 60° C and washed twice in fresh xylene for 5 min to remove the paraffin. The slides 
were then rehydrated though a series of graded alcohols and then washed in distilled water for 
3 min prior to staining with hematoxylin and eosin. 

Bronchoalveolar Lavage (BAD Analysis 

Animals were anesthesized with sodium pentobarbital 24 h after LPS administration or 56 h 
of hyperoxia exposure. BAL (35 ml/kg) was performed 4 times with PBS (pH 7.4). Cells 
were pooled from the lavages and centrifuged at 1200 g for 10 min. The supernatant was 
discarded and cells were resuspended in PBS. Cell counts were performed using a Neubaur 
hemocytometer. For differential analysis, samples were cytocentrifuged and stained with 
Diff-Quik. 

Measurement of Injury Markers 

Rats were removed at 56 h of hyperoxia and anesthetized with sodium pentobarbital. The 
pleural effusion was collected by inserting an 18 gauge needle and 10 cc syringe through the 
diaphragm and withdrawing all fluid present in the pleural cavity. BAL was performed as 
described above, and the first lavage was centrifuged at 1200 g for 10 min and the supernatant 
was assayed for the protein albumin as determined by Bromcresol Green Kit (BCG) from 
Sigma (St. Louis, MO). 

Arterial blood oxygen tension and carboxyhemoglobin determination 
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Indwelling catheters were surgically implanted into the carotid arteries of rats anesthetized 
with 3 % v/v isoflurane. Animals were secured in jackets and tethers to allow movement 
about the cage and access to food and water which were placed inside the exposure chambers. 
Polyethelene tubing, connected to the catheter and threaded out through an airtight fitting in 
the lid of the chamber, was used for continuous heparin infusion throughout the exposure (20 
U/ml at 0.1 ml/h) to maintain patency of the vessel. At each time point, 1 cc of blood was 
drawn into a heparinized syringe, sealed and placed on ice until analyzed for oxygen tension. 
Arterial oxygen tension and carboxyhemoglobin were determined using a BG3 
Instrumentation Laboratory Blood Gas Analyzer and Co-oximeter (Boston, MA). 

Apo ptosis bv HJNEL Assay and Photomicrography 

The TUNEL (terminal transferase dTJTP nick end-labeling) method was used for 
apoptosis assay of lung tissue sections as previously described (Otterbein, et al., 1998, Am. J. 
Physiol. 275: L14-L20; and Kazzaz, et al., 1996, J. Biol. Chem. 271: 15182-15186.). 
TUNEL reagents including rhodamine-conjugated anti-digoxigenin Fab fragment were 
obtained from Boehringer Mannheim (Indianapolis, IN). Tissue sections were counterstained 
with 2 g/ml 4', 6-diamidine-2-phenylindole-dihydrocholride (DAPI) (Boehringer Mannheim) 
for 10 min at room temperature. Photomicrographs were recorded on 35 mm film using a 
Nikon Optiphot microscope and UFX camera system (Nikon Inc., Melville, NY) and 
transferred onto a KodakPhotoCD. The images were digitally adjusted for contrast using 
Adobe Photoshop 3.0 (Adobe Systems Inc., Mountain View, CA). 

Computer Aided Tmaee Analysis 

To quantify the extent of apoptosis in the rat lung, samples were studied by 
epifluorescence to visualize either TUNEL-positive nuclei (590 nra) or total DAPI stained 
nuclei (420 nm). Images were captured with a CCD video camera. The captured images were 



EL 411 270 852 US 



20 



analyzed using the Image 1 system (Universal Imaging, West Chester, PA). Images were 
digitally thresholded using identical settings for each set of either DAPI- or TUNEL- 
fluorescent groups. The total number of cells (nuclei) or the number of TUNEL-positive cells 
in each field was determined in the object counting mode. At least 100 fields were analyzed 
from at least three individual animals for each experimental group. The apoptotic index was 
calculated as the percent of TUNEL-positive apoptotic nuclei divided by the D API-staining 
nuclei. 

Statistical Analysis 

Data are expressed as the mean ± SEM. Differences in measured variables between 
experimental and control groups were assessed using Student's t tests. Statistical calculations 
were performed on a Macintosh personal computer using the Statview II Statistical Package 
(Abacus Concepts, Berkeley,CA). Statistical difference was accepted at P < 0.05. 

Results 

CO induces tolerance to lethal hyperoxia 

We used clinically relevant in vivo models of oxidative stress to test the hypothesis that 
CO mediates the protective effects of HO-1 against oxidative stress. Hyperoxia when 
administered to animals produces pathophysiologic changes similar to those seen in human 
adult respiratory distress syndrome (ARDS) (Lee, et ah, Am. J. Resp CellMol Biol 14: 556- 
568; and Clerch, and Massaro, J. Clin. Invest. 91: 499-1508 ). We and others have shown 
that adult rats exposed to hyperoxia develop lung edema or pleural effusion by 56 h which 
significantly increases between 56 and 66 h (Lee, et al, supra , Clerch,, supra and Choi, et al, 
Am. J. Respir. CellMol . Biol 13: 74-82). These rats will uniformly die by 72 h of continuous 
hyperoxic exposure (Lee, et al. and Clerch, supra ). In this study, one group of rats were 
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placed in hyperoxia (> 98% oxygen 02) alone while the second group of rats were placed in 
an identical chamber and exposed to the same levels of hyperoxia in the presence of a low 
concentration of CO (250 ppm). Rats exposed to hyperoxia alone all died by 72 h (Figure la) 
while rats exposed to hyperoxia in the presence of a low concentration of CO exhibited highly 
significant tolerance to hyperoxia: all animals were alive at the 72 h time point (Figure 1). 
Table 1 demonstrates that this protective effect of CO is concentration dependent, with effects 
seen in the range between 50 ppm to 500 ppm. We observed concentration dependent 
protection against hyperoxia at both 72 and 100 h of hyperoxia exposure (Table 1). (P-value 
for the association between survival and CO concentration is 0.001 by logistic regression). 
Carboxyhemoglobin levels, a standard measurement of CO levels in the blood, correlated 
with increasing concentrations of CO exposure and survival of animals to lethal hyperoxia 
(Table 1, below). Rats exposed to low concentrations of CO (50-500 ppm) alone did not 
exhibit any untoward effects. 

Table 1 

Concentration-Depenent Protective Effects of CO 
Against Lethal Hyperoxia 



CO Concentration % Survival %COHb P Value 

72h 100b 

0 0 0 6.6 ± 0.4 

50 33 0 7.7 ± 0.4 0.004 

100 50 50 9.3± 0.1 0.007 

250 100 80 1L3±0.06 0.004 

500 100 80 ND 



Values are means ± SE; n =12-15 rats in survival experiments and 3-4 rats for 
carboxyhemoglobin (HbCO) measurements. CO, carbon monoxide in parts per million. ND- 
not determined. Rats were exposed to hyperoxia (>98%) in the presence of CO at the 
indicated concentrations, and percent survival of rats and carboxyhemoglobin (%(HbCO) 
were determined. P values represent comparison of % HbCO levels with those in control rate 
(0 ppm). Significant differences in % HbCO between each CO concentration were observed 
(p<0.007). 
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CO provides protection against hvneroxia-induc eri lung iniurv 

To assess further the beneficial effects of CO, we measured the volume of pleural 
effusion and total protein accumulation in the airways, both standard and highly reliable 
markers of hyperoxic lung injury (Lee, et al, Clerch and Choi, et al., supra). Rats exposed to 
hyperoxia alone exhibited an increase in the volume of pleural effusion after 56 h of hyperoxia 
exposure (Figure la) while in those rats exposed to hyperoxia in the presence of a low 
concentration of CO, we observed a marked inhibition in the amount of pleural effusion (P < 
0.0001) (Figure la). Rats exposed to hyperoxia alone exhibited a significant increase in the 
amount of protein accumulation into the airways as measured by bronchoalveolar lavage 
(Figure lb). In contrast, animals exposed to hyperoxia in the presence of CO exhibited 
significantly lower levels of protein accumulation (P < 0.01) (Figure lb). The amount of 
pleural effusion or protein accumulation in the BAL in rats exposed to CO alone were similar 
to levels observed in control animals exposed to normoxia. 



Effect of CO on lung histology 

We performed histological analyses to examine further whether a low concentration of 
CO attenuated lung injury. There were striking differences in lung histology between the two 
experimental groups as compared to control (figure 2 a and b). Marked lung hemorrhage, 
edema, alveolar septal thickening, influx of inflammatory cells, and fibrin deposition were 
observed in rats exposed to hyperoxia alone (fig. 2 c, and d). In contrast, the lungs of rats 
exposed to hyperoxia in the presence of CO were completely normal macroscopically and 
microscopically (fig. 2, e and f). CO attenuates hyperoxia-induced neutrophil infiltration into 
the airways and total lung apoptotic index 

In order to further investigate possible mechanism(s) of CO-mediated protection 
against hyperoxia, we examined the inflammatory cell profile in the bronchoalveolar lavage 
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of animals exposed to hyperoxia. The following findings provide a mechanism to explain 
the effects of low levels of CO. We hypothesized that CO may mediate the protection against 
oxidant tissue injury via inhibition of neutrophil influx into the airways. Animals exposed to 
hyperoxia alone demonstrated an increase in neutrophil influx into the airways as assessed by 
bronchoalveolar lavage analysis (Figure 3) (P < 0.007). In contrast, rats exposed to hyperoxia 
in the presence of CO exhibited significant reductions in neutrophil influx (P < 0.006) (Figure 
3). Moreover, identical experiments were performed using a second model of oxidant-induced 
lung injury and inflammation. Lipopolysaccharide (3 mg/kg /.v. ) administered to rats induces 
profound neutrophil influx into the airways as shown in Figure 4. However, this neutrophil 
influx was significantly inhibited in the lungs of rats given LPS and exposed to CO (Figure 4) 
(P < 0.007). 

Another possible mechanism by which CO might exert its salutary effects would be by 
inhibiting apoptosis. We have observed that rats exposed to hyperoxia alone exhibit a highly 
signifcant induction in the lung apoptotic index (7.9 % ± 0.3), when compared to control rats 
in normoxia (0.5 % ± 0. 09) (P O.0001) (Figure 5). In contrast, rats exposed to hyperoxia in 
the presence of CO demonstrate a significant reduction in the lung apoptotic index (1.8 % ± 
0.12) when compared to animals exposed to hyperoxia alone (7.9 % ± 0.3) (P O.001) 
(Figure 5). 

Discussion 

We have shown that exogenous administration of low concentrations of CO can 
provide protection against oxidative stress in models of inflammation. It should be noted that 
the concentration of CO used for these studies, in the order of 50-500 ppm, corresponds to 
0.005 % to 0.05% CO, respectively. A concentration of 500 ppm represents one twentieth of 
the lethal concentration of CO in our model (data not shown). It is notable that the 
concentrations of CO used for these studies were even lower (10-50 fold lower) than the doses 
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administered to human beings (0.3 % CO) to assess the diffusion capacity (DlCO) of the 
lung, a standard pulmonary function test. Since differences in arterial pC>2 levels have been 

implicated in other models of tolerance to hyperoxia (Choi, et ah, Am. J. Respir. Cell Mol . 
Biol. 13: 74-82), we measured the p02 content of our experimental groups. No significant 

difference was observed between rats exposed to hyperoxia and rats exposed to hyperoxia in 
the presence of a low concentration of CO (hyperoxia, p02 502.5 ± 7.4 m m Hg versus 

hyperoxia and CO, 510.5 ± 1 1.4 mm Hg, P value NS )• 

The precise mechanism(s) by which CO mediates protection is not clear. Our 
observation that CO attenuated the influx of neutrophils into the airways is interesting in that 
it is well established that neutrophil influx in the bronchoalveolar lavage is of paramount 
importance in the development of hyperoxia-induced lung injury in in vivo models and in 
human patients with ARDS. The findings of our study provide a new mechanism to explain 
the anti-inflammatory properties of HO-1. Furthermore, the inhibition of apoptosis by CO 
may represent an additional mechanism by which CO provides protection against oxidant- 
induced injury and inflammation. Although the precise physiological function of apoptosis in 
the lung has yet to be established, emerging data strongly suggest that the total lung apoptotic 
index can serve as a useful marker of lung injury in response to oxidative stress such as 
hyperoxia. Soares et al also showed that HO-1 may act as an anti-apoptotic molecule in an 
in vitro model (29). We have also shown in vitro that HO-1 can inhibit TNF-oc induced 
apotposis in L929 cells (unpublished observations). It seems possible, if not likely, that CO 
may be mediating the effects of HO-1 observed in those studies. 

We have provided a mechanism in this paper to explain the protective functions 
attributed to HO-1 in models of lung injury. Carbon monoxide, a product of heme catabolism 
by HO, has similar protective effects in ameliorating the lung injury as does expression of 
HO-1. The concentrations of CO needed to achieve this dramatic therapeutic effect are far 
less than the known toxic concentrations, and even lower than the concentrations used in 
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pulmonary function tests in humans. Our work evidences the expected therapeutic use of low 
concentrations of CO in clinical settings not only in lung disorders such as ARDS and sepsis 
but also in a variety of other inflammatory disease states. 

Example 2 

Studies on the Anti-Inflammatory Effects of Carbon Monoxide involving the Mitogen 

Activated Protein Kinase Pathway 

These studies were performed and are presented to describe the anti-inflammatory 
effects which carbon monoxide (CO), a by-product of heme catabolism mediates at low 
concentration pursuant to the present invention. In particular, low concentrations of CO 
differentially and selectively inhibits the expression of LPS-induced pro-inflammatory 
cytokines TNF-a, IL-ip, and MIP-lp and augments the LPS-induced expression of the anti- 
inflammatory cytokine IL-10. As a consequence of these studies, it is believed that CO plays 
an important protective role in inflammatory disease states with therapeutic implications for 
the treatment of sepsis, septic shock and related conditions. 

Using this well established model of LPS-induced inflammation, we tested the 
hypothesis that CO, one of three major end products following the catabolism of heme by HO, 
exerts potent anti-inflammatory effects, and may mediate much or all of the anti-inflammatory 
effects observed with HO-1. We demonstrate for the first time that CO acts as a potent anti- 
inflammatory molecule both in vitro and in vivo. CO selectively inhibits the expression of the 
pro-inflammatory cytokines TNF-a, IL-lp, and MIP-lp and augments production of the anti- 
inflammatory cytokine IL-10. Interestingly, we also demonstrate that CO mediates these anti- 
inflammatory effects independently of nitric oxide [See, Thomassen,, et al., Am.J. Respir. 
CellMol. Biol. 17 : 279-283 (1997)], or via cGMP, which is generally believed to mediate the 
effects of CO in other well established vascular and neuronal cell culture systems. See, 
Morita, et al. Proc. Natl. Acad. Set USA. 92, 1475-1479 (1995) and Verma, et aL, Science. 
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259, 381-384 (1993). Rather, the data evidences that CO mediates these anti-inflammatory 
effects specifically via the mitogen activated protein kinase pathway, in particular the 
MKK3/p38 pathway. 



Methods 

Animals. Male C57BL/6 and IL-10 (-/-) mice were purchased from Jackson Laboratory (Bar 
Harbor, ME), and allowed to acclimate for one week with rodent chow and water ad libitum. 
The MKK (-/-) mice were generated as previously described [Lu, et ah, EMBO J. 18 : 1845- 
1857 (1999)]. Wild type littermates were used as controls. All animals were housed in 
accordance with guidelines from the American Association for Laboratory Animal Care and 
Research Protocols and were approved by the Animal Care and Use Committee of Yale 
University School of Medicine. 

Reagents. All reagents were purchased from Sigma Chemical Co. (St Louis, MO) unless 
specified otherwise. 

Plasmid Construct. Plasmid pSFFV/HO-1 was constructed by insertion of the rat HO-1 
cDNA [Shibahara, et al. ,Proc. Natl. Acad. Sci. USA. 82 : 7865-7869 (1985)] downstream of 
the Friend spleen focus-forming virus 5' long-terminal repeat in the mammalian expression 
vector pSFFV/neo [Fuhlbrigge, et al, Proc. Natl. Acad Sci USA. 85 : 5649-5653 (1988)] 
(kindly provided by Stanley Korsmeyer). 

Transfection. Stable transfections were carried out by the calcium phosphate precipitation 
technique as previously described [Alam, J., J.Biol Chem. 269 : 25049-25056 (1994)]. 
Briefly, RAW cells were plated (lxl0 6 /10 cm plate) and 16 h later, transfected with 15 mg of 
pSFFV/neo or pSFFV/HO-1. Cells were exposed to the DNA-CaP04 precipitate for 6 h, 

shocked by a 1 min treatment with glycerol in phosphate-buffered saline and cultured for an 
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additional 24 h in complete medium before addition of G418. Transfectants were selected 
over a 3-week period in the presence of G418 (up to 800 mg/ml) and individual clones were 
isolated by limited dilution. 

Cell Culture Experimentation, RAW 264.7 mouse peritoneal macrophages were purchased 
from American Tissue Cell Culture (Rockville, MD) and primary culture of rat pulmonary 
vascular smooth muscle cells were harvested from male Sprague Dawley rats (250-300 g) as 
previously described [Gunther, et al., J. Cell Biol. 92 : 289-298 (1982). ]. Both cell types 
were grown in DMEM containing 10% FBS and gentamicin (100 mg/ml) in a humidified 
atmosphere of 5% C02/balanced air or 250 ppm CO/5%C02/balanced air. After a 2 h 

pretreatment with either CO or air, LPS (1 mg/ml) or sterile saline was added to the culture 
media and the culture plates were returned to the chamber(s). At various time points, cell 
plates were removed from the chamber to collect media and/or cells for Western analysis. 



CO Exposures. Mice or macrophages were exposed to compressed air or 250 ppm CO. For 
cell culture experiments, 5% CO2 was also present for buffering requirements. CO at a 

concentration of 1% (10,000 ppm) in compressed air was mixed with compressed air with or 

without CO2 in a stainless steel mixing cylinder before delivery into the exposure chamber. 

9 

Flow into the 3.70-ft plexiglass animal chamber was maintained at 12 L/min and into the 1.2- 
ft cell culture chamber at a flow of 2 L/min. The cell culture chamber was humidified and 
maintained at 37° C. A CO analyzer (InterScan, Chatsworth, CA) was used to measure CO 
levels continuously in the chambers. Gas samples were taken by the analyzer through a port 
in the top of the chambers at a rate of 1 L/min and analyzed by electrochemical detection, with 
a sensitivity of 10-600 ppm. Concentration levels were measured hourly and there were no 
fluctuations in the CO concentrations once the chamber had equilibrated (approximately 5 
min). 
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Animal Experimentation. Mice were prebled from the retroorbital sinus (0.25 ml) and then 
exposed to CO (250 ppm) or room air for 1 h prior to administration of LPS (1 mg/kg, i.p.), 
E.coli serotype 0127:B8. 1 and 16 h thereafter, they were removed from the exposure 
apparatus individually and a blood sample was obtained via the retroorbital sinus. After the 
blood collection, the mice were immediately returned to the exposure chamber. For hypoxia 
studies, mice were pretreated 1 h with 10% oxygen (hypoxia) and then administered LPS (1 
mg/kg, i.p.)- One h thereafter, they were removed from the exposure chamber individually 
and a blood sample was collected from the retroorbital sinus and the serum analyzed for TNF- 
a by ELISA. The 02 concentration in the chamber was verified by an O2 sensor calibrated for 
low 02 tensions.(VWR, Boston, MA). 

Cytokine Analysis. Serum and media samples were analyzed by ELISA kits purchased from 
R&D (Minneapolis, MN) following manufacturer's instructions. 

Western Blotting. Assay kits were purchased from New England Biolabs (Beverly, MA) and 
used per manufacturer's instructions. The protocol is described briefly: at set time points, 
cells were removed from the exposure chamber, rinsed with cold PBS and then 200 ml of SDS 
sample buffer (62.5 mM Tris-HCl (pH 6.8), 2% w/v SDS, 10% glycerol, 50 mM DTT and 
0.1% w/v bromphenol blue) was added to each plate. Cells were scraped and sonicated for 5 
seconds. 20 ml of each sample was boiled for 5 min and then loaded into a 12% 
polyacrylamide gel and electrophoresed at 125 V for 90 min. The gel was transferred 
overnight at 40 volts onto nitrocellulose membrane. Membranes were then incubated with 
blocking buffer (5% nonfat dry milk in TTBS (10% tween in tris buffered saline) for 3 h), 
washed with TTBS and then incubated overnight in the corresponding rabbit polyclonal 
primary antibody directed against either phosphorylated ERK, p38, or JNK. HO-l and TNF-a 
blots were probed for 1 h in blocking buffer with either rabbit anti-HO-1 or rabbit anti-TNF-a 
respectively (HO-l; Stressgen, Victoria Canada. TNF-a; Santa Cruz Biotechnology Inc., 
Santa Cruz, CA). After incubation in primary antibody, the membranes were washed in TTBS 



EL 411 270 852 US 



29 



and proteins were visualized using horseradish peroxidase conjugated anti-rabbit IgG and the 
enhanced chemiluminesence assay, (Amersham Life Sciences, Arlington Heights, IL.) 
according to manufacturer's instructions All MAPK membranes were subsequently stripped 
using standard stripping solution (100 mM beta-mercaptoethanol, 2%SDS and 62.5 MM Tris- 
HC1 pH 6.8) at 50° C. and then reprobed with rabbit polyclonal antibody targeting total non- 
phosphorylated ERK, p38 or JMC to assure equal loading of protein. 

RNA Extraction and Northern Blot Analysis 

Total RNA was isolated by the STAT-60 RNAzol method with homogenization of the 
lung tissues in RNAzol lysis buffer followed by chloroform extraction (Tel-Test "B" Inc., 
Friendswood, TX). Northern blot analyses were performed as previously described 
(Otterbein, et al., J. Clin. Invest. 103, 1047-1054 (1999)). Briefly, 10 mg of total RNA was 
electrophoresed in a 1% agarose gel and then transferred to Gene Screen Plus nylon 
membrane (Dupont, Boston, MA) by capillary action. The nylon membranes were then 
prehybridized in hybridization buffer (1% bovine serum albumin [BSA], 7% sodium dodecyl 
sulfate [SDS], 0.5 M phosphate buffer, pH 7.0, 1.0 mM ethylenediamine tetraacetic acid 
[EDTA] at 65° C for 2 h followed by incubation with hybridization buffer containing 32p. 
labeled rat HOI cDNA at 65° C for 24 h. The cDNA was labeled with 32 P-CTP using the 
random primer kit from Boehringer Mannheim (Boehringer Mannheim, Germany). Nylon 
membranes were then washed twice in wash buffer A (0.5% BSA; 5%SDS, 40 nM phosphate 
buffer pH 7.0, 1 mM EDTA) for 15 min each at 65° C followed by washes in buffer B (1% 
SDS, 40 mM phosphate buffer, pH 7.0, 1.0 mM EDTA) for 15 min three times each at 65° C. 
Ethidium bromide staining of the gel was used to confirm the integrity and equal loading of 
the RNA. 
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Nitrate/Nitrite Analysis. Both analytes were measured in the cell culture media which had 
been ultrafiltered to remove all proteins greater than 10,000 molecular weight. All samples 
were than analyzed according to the assay kit protocols. (R & D, Minneapolis, MN). 

cGMP Radioimmunoassay (RIA) in macrophages. Macrophages or vascular smooth 
muscle cells were exposed to CO (250 ppm) or air. 20 min before the end of the exposure 1 
mM of 3-isobutyl-l-methylxanthine (IBMX) was added to the cells to prevent 
phosphodiesterase degradation of cGMP. After 2 h of exposure, cells were removed from the 
exposure chamber, rinsed with PBS and then 0.5 ml of 75% EtOH was added to the plate and 
cells were scraped and disrupted via sonication for 5 s. Samples were then centrifuged at 
2000 g for 10 min. Supematants were transferred to fresh tubes and evaporated to dryness. 
cGMP concentration in the cell extracts was determined by radioimmunoassay (NEN, Boston, 
MA) according to manufacturer's instructions. cGMP was normalized to protein 
concentration as determined by Bradford assay. 

Statistical Analysis. Data are expressed as the mean ± SE. Differences in measured variables 
between experimental and control group were assessed using Student's t tests. Statistical 
calculations were performed on a Macintosh personal computer using the Statview II 
Statistical Package (Abacus Concepts, Berkeley,CA). Statistical difference was accepted at P 
< 0.05. 



RESULTS 

Over-expression of HO-1 inhibits TNF-a production in macrophages 

Macrophage cell lines (RAW 264.7) over-expressing HO-1 were generated using an 
pSFFV-LTR promoter driven HO-1 expression plasmid. Nine clones were isolated and 
checked for HO-1 expression by Western blot analyses. We observed increased HO-1 
expression in these clones (fig. la; lanes c-k) when compared to the control, neomycin gene 
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transfected cells (data not shown). We exposed cells to LPS (1 ng/ml) and measured the 
amount of TNF- production by ELISA. As expected, there was marked induction of TNF-a 
production in the control cells. In contrast, cells over-expressing HO-1 exhibited significantly 
attenuated amounts of TNF- after LPS treatment as compared to control cells (fig.6). We 
performed identical experiments in a second RAW 264.7 clone over-expressing HO-1 and 
observed similar results (data not shown). 

CO selectively targets both pro-inflammatory and anti-inflammatory cytokines in vitro 

After observing that HO-1 over-expressing macrophages exhibited reduced LPS- 
induced TNF-a production (fig. 6), we tested the hypothesis that exposure of cells to a low 
concentration of CO, a major by-product released during the catalysis of heme by HO, could 
elicit similar responses in macrophages. We exposed wild type RAW 264.7 macrophages to 
LPS (1 mg/ml) in the presence or absence of CO (250 ppm) and TNF- production was 
measured by ELISA. As expected, cells exposed to LPS alone exhibited increased levels of 
TNF-a. However, cells exposed to LPS in the presence of CO exhibited significantly 
attenuated levels of TNF-a (fig.7a) which was concentration dependent (range of 10-500 
ppm; data not shown). The attenuation by CO exerted similar inhibitory effects on the 
inflammatory cytokines IL-lp and MIP-1J3 (fig. 7b and fig. 7c) while not affecting the 
chemokines MIP-2 (fig. 7d), JE, IFN-g or KC (data not shown). Importantly, in terms of the 
balance of pro- and anti-inflammatory cytokines, CO at 250 ppm significantly augmented the 
LPS-induced accumulation of the anti-inflammatory cytokine IL-10 (fig 7e). 

CO selectively targets both pro-inflammatory and anti-inflammatory cytokines in vivo 

To examine whether the differential effects of CO on both pro-inflammatory and anti- 
inflammatory cytokines observed above in vitro also occurred in vivo, we administered a 
sublethal dose of LPS (1 mg/kg) to mice in the presence or absence of CO (using the same 
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concentrations used in vitro). We observed that mice also exhibited a significant attenuation 
of TNF-a production in the presence of CO (fig. 8a), and that CO attenuated LPS-induced 
TNF-a production in vivo in a dose-dependent manner (fig.8b) with an EC50 of 69.9 ppm. 

Consistent with our own findings in vitro, we observed an augmentation of IL-10 in response 
to LPS in the presence of CO in vivo at a concentration of 250 ppm. To investigate whether 
hypoxia was involved in the inhibitory effects observed with CO on LPS-induced TNF-a 
production, we administered LPS (1 mg/kg) in a separate group of animals in the absence or 
presence of hypoxic (10% oxygen) conditions. Hypoxia had no effect on LPS-induced TNF-a 
production (data not shown). 



CO exerts anti-inflammatory effects via a cGMP independent pathway 

To delineate the possible mechanism(s) by which CO exerts its effects, we examined 
whether the response to CO involved the guanylyl cyclase-cGMP pathway, which has been 
shown to mediate the biological effects of CO in vascular and neuronal cells [Morita, et al., 
Proc. Natl Acad, Set USA. 92, 1475-1479 (1995) and Verma, et al., Science. 259, 381-384 
(1993)]. Macrophages and vascular smooth muscle cells (used as a positive control) were 
exposed to 250 ppm CO. After 2 h of exposure, cell lysates were analyzed for cGMP by 
radioimmunoassay. Smooth muscle cells showed a 16 fold increase in cGMP content after 
CO exposure (#p<0.001) while the RAW 264.7 macrophages exhibited no significant increase 
in cGMP after exposure to CO (Table 2, below). To confirm the lack of a role of cGMP in 
CO treated macrophages, an analog of cGMP, 8-Br-cGMP, a compound that is non- 
degradable by phosphodiesterase yet maintains similar functional activity, was added to the 
macrophage culture followed by LPS to observe its effects on TNF-a production. As shown 
in Table 2, below, macrophages exposed to CO exhibited no increase in cGMP levels while 
the analog of cGMP, 8-Br-cGMP, had no effect on LPS-induced TNF-a production. 
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Table 2 

Effects of CO on cGMP and LPS-Induced 
TNF-a Production in RAW 264.7 Macrophages 



Treatment cGMP (pmol/mg protein) TNF-a (pg/ml) 



Air 


4.25± 0.5 


12±10 


CO 


3.95±0.6 


15±5 


LPS 


ND 


660± 60 a 


CO/LPS 


ND 


230±_40 b 


8-Br-cGMP 


ND 


18±6 


8-Br-cGMP/LPS 


ND 


530 ±35 


VSM/Air 


0.5± 0.4 


ND 


VSM/CO 


8.1 ±2 C 


ND 



a p< 0.001 vs. CO, air, 8-Br-cGMP 
b p<0.03 vs. LPS 
c p<0.001 vs. air 



CO exerts anti-inflammatory effects via a nitric oxide independent pathway 

Based on our observation that CO exerts the anti-inflammatory effects via a cGMP 
independent pathway, and that CO can bind to the heme moiety of NOS, thereby modulating 
nitric oxide (NO) production [Tetreau,, et al., Biochemistry 38 : 7210-7218 (1999) ], we 
investigated whether NO could indirectly mediate the anti-inflammatory effects observed with 
CO. We pretreated RAW 264.7 macrophage cells with L-NAME, an inhibitor of NOS, prior to 
exposing cells to LPS (1 mg/ml) in the presence of CO. As shown in fig.9, cells pretreated 
with L-NAME in the presence of CO and LPS exhibited similar levels of TNF-a compared to 
cells exposed to CO and LPS only. Further studies looking at LPS-induced NO production in 
RAW 264.7 cells found no increases in either nitrate or nitrite levels at 1 h post LPS in either 
the presence or absence of CO. Nitrite and nitrate levels did increase significantly, 50 fold 
respectively, but only after 16 h following LPS when compared to control cells, as has been 
shown previously [Nussler, et al., J. Exp, Med. 176 : 261-264 (1992)]. This data further 
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supported the notion that CO could not be acting indirectly via NO to modulate TNF-a 
production. 

Differential modulation of MAP kinases by CO 

Based on our observations that CO acts via a cGMP or NO independent pathway, we 
sought a possible alternative mechanism by which CO might mediate anti-inflammatory 
actions. As previously described, administration of LPS to macrophages results in the 
activation of the MAPK pathway. See, Liu,, et al., J. Immunol 153, 2642-2652 (1994); 
Hambleton, et al., Proc. Natl Acad. ScL USA. 93, 2274-2778 (1996); Han,, et al., J. Biol 
Chem. 268, 25009-25014 (1993); Han, et al, Science 265,808-811 (1994); Sanghera,, et 
al., J. Immunol 156, 4457-4465 (1996); and Raingeaud, J., et al., J. Biol Chem.. 270, 7420- 
7426 (1995). Activation of the p38, ERK1/ERK2 and INK pathways in macrophages by LPS 
was therefore first confirmed (fig. 1 la, b and c; lane 2). In the presence of CO, LPS-induced 
ERK1/ERK2 and INK MAP kinase activation was not affected, but p38 MAP kinase 
activation was significantly augmented. We also observed augmentation of MKK3/MKK6, 
kinases upstream to p38, by LPS in the presence of CO in RAW 264.7 cells when compared to 
cells treated with LPS alone (data not shown). 
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CO mediates anti-inflammatory effects via the MKK3 MAP kinase pathway in vivo. 



Since the p38 MAP kinase pathway was activated by LPS and augmented by CO we 

tested whether attenuation of this pathway led to a loss of the response. There are three MAP 

kinase kinases that activate the p38 MAP kinase, MKK3, MKK4 and MKK6 [Derijard, et al., 

Science 267, 682-685 (1995); and Raingeaud, et al, Mol Cell Biol 16, 1247-1255 (1996) ]. 

Since MKK3^~^ macrophages would have deficient p38 activation in response to LPS and 

knowing that MKK3 plays a major role in the activation of p38, we hypothesized that 

administration of LPS to the MKX3^"^^ mice would substantiate the in vitro findings whereby 

CO augmented the LPS-induced p38 activation. Another rationale for using MKK3^"^ mice 

was based on our in vitro observations that CO selectively augmented the LPS-induced p38 

MAP kinase but affected neither the ERK1/ERK2 nor INK pathways. A sublethal dose of LPS 

(+/+) 

(1 mg/kg) was administered to MKK3 V J mice and wild type v ' littermates in the presence 
or absence of 250 ppm CO. As expected, wild type mice exhibited a marked increase in 
serum TNF-a production [Bauss, et al, Infect. Immun. 55, 1622-1625 (1987)] while the 
MKK.3^") mice exhibited decreased TNF-ot serum levels when compared to LPS treated wild 
type^ +//+ ^ mice. This was expected since the MKK3/p38 MAPK pathway plays a major role, 
but certainly not exclusive one in mediating LPS-induced TNF-a production. (Fig. 10a) See, 
Hambleton,et al., J. Exp. Med. Ill, 1205-1208 (1993); Derijard, et al., Science 267, 682-685 
(1995); Badger, et al., J. ofPharm. & Exp. Therap. 279, 1453-61 (1996); Wysk, et al, Proc. 
Natl Acad. Set USA. 96, 3763-3768 (1999); and Geppert, et al., Mol Med 1, 93-103 (1994). 
Furthermore, wild type^ 4 ^ mice demonstrated attenuated levels of LPS-induced TNF-a 
production in the presence of CO when compared to wild type^^ mice treated with LPS 
alone. This inhibitory effect of CO was lost in the MICK^^ mice: CO did not affect LPS- 
induced TNF-a production in the MKK3^~^ mice. In addition as shown in figure 10b, CO 
augmented LPS-induced IL-10 levels in the wild type^"^ mice when compared to wild type 
mice treated with LPS alone. However, the MKK3^"^^ mice did not exhibit augmented 
serum IL-10 levels after treatment with LPS in the presence of CO when compared to 
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MKK.3^ treated with LPS alone. Exposure to either air or CO (250 ppm) had no effect on 
TNF-a or IL-10 production in either the MKK3^"^ or wild type^ 47 ^ mice. 



It is well established that IL-10 is an inhibitor of pro-inflammatory cytokine synthesis 
and as such can limit the inflammatory process including TNF-a production. See, Howard, et 
al., J. Exp. Med. 177, 1205-1208 (1993). Therefore, we hypothesized that the augmentation of 
LPS-induced IL-10 production in the CO/LPS treated animals was responsible for the 
inhibition of TNF-a production. To test this hypothesis, we administered LPS to IL-10^ ' ^ 
null mice in the presence or absence of CO (250 ppm). Serum TNF-a levels measured at 1 h 
were inhibited in both the IL-10^"^^ as well as the wild type controls (66% and73% inhibition, 
respectively) suggesting that the reduction in TNF-a levels observed in those animals exposed 
to CO/LPS was not due to augmented IL-10 production. In vitro studies using neutralizing 
antibodies to IL-10 in macrophages showed similar findings, in that CO-mediated TNF-a 
suppression occurred independently of IL-10 (data not shown). 



CO exerts posMranscriptional regulation of LPS-induced TNF-a production 

We attempted to delineate the mechanism by which CO augments the p38 pathway 
while down regulating TNF-a production. RAW 264.7 cells exhibit increased TNF-a mRNA 
after LPS treatment in the presence of C0 5 similar to levels observed in cells treated with LPS 
alone. Interestingly, cell lysates and media collected from these cells demonstrated decreased 
TNF-a protein expression by Western blot analyses after LPS in the presence of CO. We also 
observed decreased (> 80 % inhibition) TNF-a production in the media collected from these 
same cells by ELISA analysis, confirming our observations shown previously in fig. 1 lb. 



In sum, the experiments presented herein evidence that the administration of effective 
amounts of CO is a useful in vivo treatment for inflammation mediated through pro- 
inflammatory cytokines. Thus, the present invention may be used to treat inflammation which 
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occurs secondary to sepsis or in conditions or disease states in which oxidative stress also 
occurs. 

It is to be understood by those skilled in the art that the foregoing description and 
examples are illustrative of practicing the present invention, but are in no way limiting. 
Variations of the detail presented herein may be made without departing from the spirit and 
scope of the present invention as defined by the following claims. 



